We probe C. elegans mechanosensation using a microfabricated platform where worms encounter a linear array of asymmetric funnel-like barriers. We found that sensing of and moving along barriers require different sets of neurons located at different parts of the animal. Wild-type worms sense and move along the barrier walls, leading to their accumulation in one side of the barriers due to the barriers' asymmetric shape. However, mec-4 and mec-10 mutants deficient in touch sensory neurons in the body exhibited reversal movements at the walls, leading to no accumulation in either side of the barriers. In contrast, osm-9 mutants deficient in touch sensory neurons in the nose, moved along the barrier walls. Thus, touch sensory neurons ALM and AVM in the body are required for C. elegans to sense and move along obstacles, whereas the ASH and FLP neurons in the nose are required only for sensing of but not moving along obstacles. N ematodes play an important role in nutrient recycling by feeding on plants, bacteria, fungi, and other microscopic organisms. They move in the soil by propagating sinusoidal waves along their bodies and occasionally change their direction of movement either by transient reversals or by turning their heads during forward movement. While their movement is relatively well understood, how they sense, interact with, and respond to obstacles is not. Herein, we study the interplay between the physical and neuronal basis for nematode interaction with obstacles, i.e., how much of the nematode's sensing of and response to obstacles is governed physically and neuronally, and what specific neurons are used at various stages of this process. There have been previous studies on nematodes' dispersal abilities and how soil structure affects their movement 1, 2 . However, these studies have traditionally been done on smooth agar plates coated with sand particles to create a structurally heterogeneous environment, or post arrays to create a structurally homogeneous environment [1] [2] [3] [4] . Although these assays are useful for studying the effect of, say, inter-obstacle distance on the dispersal ability of the nematodes, it is not easy to interrogate the effects that other physical parameters may play in nematode mechanosensation.
N
ematodes play an important role in nutrient recycling by feeding on plants, bacteria, fungi, and other microscopic organisms. They move in the soil by propagating sinusoidal waves along their bodies and occasionally change their direction of movement either by transient reversals or by turning their heads during forward movement. While their movement is relatively well understood, how they sense, interact with, and respond to obstacles is not. Herein, we study the interplay between the physical and neuronal basis for nematode interaction with obstacles, i.e., how much of the nematode's sensing of and response to obstacles is governed physically and neuronally, and what specific neurons are used at various stages of this process. There have been previous studies on nematodes' dispersal abilities and how soil structure affects their movement 1, 2 . However, these studies have traditionally been done on smooth agar plates coated with sand particles to create a structurally heterogeneous environment, or post arrays to create a structurally homogeneous environment [1] [2] [3] [4] . Although these assays are useful for studying the effect of, say, inter-obstacle distance on the dispersal ability of the nematodes, it is not easy to interrogate the effects that other physical parameters may play in nematode mechanosensation.
The soil nematode Caenorhabditis elegans is often used to study how animal behavior is regulated by the underlying neuronal circuit because it has only 302 neurons 5 . Among the neurons, ASH, ALM, AVM, PVM, FLP, IL1 and OLQ have been shown to be associated with mechanosensory responses (Fig. 1A ) 5, 6 . However, these investigations typically rely on assays of behavioral responses to touch by either an eyelash hair attached to a toothpick or a platinum wire pick [6] [7] [8] . The results from these studies may not necessarily reflect the behavior of C. elegans in its soil habitat.
To allow us to study in combination the effects of both physical and neuronal sensing, we have developed a microfabricated platform to study C. elegans mechanosensation. In this assay, worms crawl freely on an agar surface until they encounter a linear array of asymmetric funnel-like barriers located on top surface of the agar (Fig. 1B) . The asymmetry of the funnel-like barriers resulted in a difference in the gap spacing for a worm crawling from the left side of the barriers to the right, and vice versa. Therefore, if the persistence length of the crawling motion is longer than the gap spacing, then more worms will crawl from the side with the bigger gap spacing to the side with the smaller gap spacing, resulting in the accumulation of worms on the side of the barriers with the smaller gap spacing. We term this effect rectification. A similar device was previously used to study the rectification of swimming bacteria
We showed that C. elegans wild-type (N2) and its mechanosensory-defective mutants (mec-4 (e1339) and mec-10 (e1515)) exhibit markedly different behaviors when interacting with the funnel walls, even though their morphologies and movements are identical 3 . Wild-type worms were entrained and crawled along the funnel walls whereas the mec worms reversed their directions upon encountering the walls. Thus, the wild-type worms, like swimming bacteria, accumulated on the side of the array with small gap spacing. However, mec-4 and mec-10 worms, which are deficient in touch sensory neurons in the body 12 , did not. Thus, despite wild-type worms' similarity to swimming bacteria in terms of rectification behavior, the mechanisms for which they do so are fundamentally different.
We also developed a computational model of worm movement in the assay. The model was based on an earlier one 10 , but considered the worm-wall interactions more carefully. Our model showed that rectification depends on both the degree of asymmetry of the funnel barriers and the orientation of the worm to the barrier wall after their initial touch. Results Asymmetric funnels rectify the wild-type worms. About 50 to 60 worms were evenly distributed on both sides of the funnel array on the agar. Over time, the number of worms crawling from the side of the barriers with the large gap spacing (left, L) to the side with the small gap spacing (right, R) increased. After 180 min., the number of worms accumulating on the right side of the array became more than two times that of worms on the left side of the array. (Figs. 2A, S1A and S1B). Rectification was not observed (Figs. S1A and B) when worms were located in an enclosure with a linear array of symmetric barriers (Fig. 1C) .
Touch sensory neurons in the body contribute to worm rectification. Among various types of mutants (Supplemental Table 1 ), mec-4 and mec-10 did not exhibit rectification ( Figs. 2A and B) . However, unexpectedly, the nose-touch-insensitive mutant osm-9 13 did exhibit rectification to a similar extent as wild-type.
Wild-type worms entrain along the funnel wall but the mec mutants do not. Upon bumping into the funnel walls, most of wild-type worms first exhibited repeated forward and backward movements, but eventually moved along the walls, irrespective of their incoming angles toward the walls (Movie S1 and Fig. 3A ). In contrast, mec-4 and mec-10 did not exhibit entrainment along the walls. Instead, they either retracted from the walls (Movie S2), or reversed their directions via omega turns (Fig. 3B ). Omega turns were identified by the head nearly touching the tail or a reorientation of more than135u within a single head swing 14 . Fig. 3C showed that the incoming angles of wild-type worms at a wall ranged from 0u, corresponding to a worm hitting the wall perpendicularly, to 90u, corresponding to a worm hitting the wall in a parallel manner. The outgoing angles mostly ranged between 60u and 90u. (Several worms also displayed negative outgoing angles ranging from 0u to 290u, which indicate reversals in the trajectories.) Thus, most of wild-type worms moved parallel to the walls after bumping into them, irrespective of the incoming angle toward the wall. On the other hand, the incoming angles of the mec mutants, while also ranging from 0u to 90u, instead displayed outgoing angles that were negative (Fig. 3C ). This indicated that they were not entrained along the funnel walls, but instead reversed their directions when they hit the walls. Interestingly, osm-9 did not display negative outgoing angles, indicating that it did not show any reversal movements. Instead, it behaved just like wild-type. The retention times and persistence lengths of the worms were also measured. The retention time is defined as the duration that a worm spent while crawling along the funnel wall. The retention times of both wild-type and osm-9 were significantly longer than those of mec-4 and mec-10 (Fig. 3D) . The persistence length is defined as the length of a worm's trajectory along the funnel wall, with at least the anterior and posterior touching the wall, and without any reversal or change in orientation. The persistence lengths of wild-type and osm-9 were longer than those of mec-4 and mec-10 ( Fig. 3E) . Once wildtype and osm-9 worms were entrained along the funnel walls, they usually crawled in a straight line along the wall for about 2 mm before changing directions, which is comparable to the length of funnel walls, namely 2.93 mm. In contrast, both mec-4 and mec-10 worms exhibited higher frequencies of long reversals and omega turns than wild-type and osm-9 worms did (Fig. 4B ).
Degenerin/Na 1 channels are required for wall entrainment. The mec-4 and mec-10 genes encode their respective subunits of a mechanically-gated degenerin/Na 1 channel in the touch sensory neurons in the body 12, [15] [16] [17] [18] . In order to elucidate whether the mutated degenerin/Na 1 channels are responsible for the lack of wall entrainment and reversal at the walls, the mec mutants were treated with amiloride, a degenerin/Na 1 channel blocker 16 . After incubation with 0.3 mM amiloride for 14 hrs, mec-4 and mec-10 exhibited rectification, just like wild-type (Fig. 5A) .
Computational model shows wall entrainment is necessary for rectification. We represent the worms by their centroids and assume that each centroid moves as a point particle subject to a drag force, a motility force arising from the worm's undulatory propulsion, and a repulsive force that represents the interaction between the worm and the funnel walls. The motility force has a persistent length associated with the worm's persistent crawling. The repulsive force is non-zero only when the worm is near to the wall. To simulate the near-wall behavior of the worms, the vectorial direction of the interaction force is changed when a worm first touches the wall. The reoriented direction is decided by the distribution of the incoming and outcoming angles at the wall as measured experimentally (Fig. 3C) .
From the simulations, representative trajectories of wild-type and mec-4 worms are shown in Fig. 6B and 6C , respectively. The rectification for wild-type increased with time while mec-4 did not present such an effect (Fig. 6A) , consistent with experimental results (Fig. 2B) . The simulated trajectories are not deterministic, because they incorporate randomness in the form of reorientations at the wall, and thus, they also reflect the randomness observed in the experiments.
Wild-type and mec-4 represent the two extremities of the range of possible worm-wall interaction: the former exhibiting wall entrainment (outgoing angle around 0u measured from the wall to the normal) and the latter showing complete reversal, with no wall entrainment (outgoing angle around 90u). We therefore used the simulation to predict how an intermediate value of outgoing angle between 0u and 180u would affect rectification. We observed that there exists a threshold outgoing angle below which no rectification would occur, and that this threshold depends on the asymmetry of the funnel barriers as measured by the half-angle between the two arms of the V-shaped funnels (Fig. 7A) . The presence of such a threshold outgoing angle can be attributed to the fact that the crawling persistent length is very much longer than the barrier and gap sizes and thus, a smaller outgoing angle would geometrically lead to the worm's trajectory being ''reflected'' back into the side of array that has the larger gap spacing (Fig. 7B) . For the 30u funnels used in this study, the threshold outgoing angle is between 40u-50u (Fig. 7C) . Thus, given a particular strain of a worm that has a characteristic outgoing angle, rectification can only occur if the funnels are of a particular geometry. As an example, we simulated 50u funnels and found that rectification is reduced (Fig. 7D) . Indeed, for very narrow (close to 0u) or very wide funnels (close to 90u) where the degree of asymmetry is reduced, the threshold outgoing angle approaches 0u, indicating no rectification, as is to be expected theoretically. Therefore, we conclude that worm wall entrainment is a combination of both physical (as determined by the funnel geometry and crawling persistent length) and neuronal (as determined by the outgoing angle) effects. Worms overcome rectification in the presence of food. When a drop of bacterial culture of Escherichia coli OP50 was placed to the left side of the funnel array, worms on the right side of the array started to crawl across the array to reach the food source. Eventually, they aggregated on the left side, particularly at the location of the food (supporting information Fig. S3 ). This result is true for all the tested strains except mec-10.
Discussion
Upon bumping into the obstacles, most of wild-type worms first exhibited repeated forward and backward movements without allowing their posterior part to touch the wall, until they were entrained and started to move along the wall (Movie S1 and Fig. 3A) . mec-4 and mec-10 worms were not entrained due to their frequent reversal behaviors (short, long, and omega turns, etc). Among the anterior mechanosensory neurons (Fig. 1A) , the mec-4 gene is expressed in ALM and AVM, while the mec-10 gene is expressed in ALM, AVM and FLP. Therefore, it is suggested that the mechanosensory neurons (ALM and AVM) on the anterior body part are required for a worm to be entrained along the funnel wall.
The hyperactivity of the degenerin//Na 1 channel in mec-4 and mec-10 worms is responsible for the frequent reversal behaviors of these worms upon bumping into the wall. The mec-4 and mec-10 genes encode subunits of amiloride-sensitive Na 1 ion channels of the degenerin/epithelial sodium channel (DEG/ENaC) family that form the pore of the channel complex (Fig. 5B) 
12
. The mutation of these subunits induces the hyperactivation of the neurons 16 . The hyperactivation is caused by conformational changes to the channel, which might induce aberrant closing of the degenerin/Na 1 channel
.
In the presence of amiloride, which binds and blocks the degenerin/Na 1 channel, the mec mutants exhibited rectification (Fig. 5A) , suggesting that the hyperactivation of the degenerin/Na 1 channel upon bumping into the funnel wall is suppressed by amiloride.
The nose touch neurons such as ASH and FLP are required only for probing obstacles, but not for wall entrainment and rectification. Worms touched their nose to the wall at first (supporting information Movies S1, S2). The nose-touch-insensitive mutants, osm-9, trpa-1, and trp-4 with mutated TRP ion channels and IL-2 (2) exhibited rectification, just like the wild-type worms (Fig. 2) . However, unlike other nose-touch-insensitive mutants, osm-9 showed reduced short reversal movements compared to wild-type (Fig. 4) . It is known that the osm-9 gene is expressed in the ciliated ASH sensory neuron 13 , and ASH is required for the avoidance response when the nose is touched 7 . It was also suggested that ASH as a polymodal sensory neuron is a functional analogue to nociceptors related to the sensation of pain 19, 20 . After colliding with the funnel walls, osm-9 showed some reduction of the crawling length and speed, while wild-type showed more significant reduction of the migration length and speed (supporting information Fig. S2 ). The reduced migration length and speed of wild-type were due to repeated short reversals and forward movements while crawling on the wall (supporting information Movie S1). The purpose of the repeated touching and reversal seems to be to inspect the physical barrier. Since osm-9 lacks this behavior, it is suggested that ASH is a critical neuron for this behavior. When it is presumed that the modest reversal behaviors in wild-type are the natural behavior for a worm to probe the physical structure of obstacles until it figures out the structure, the disappearance of the reversal behaviors in osm-9 may not be advantageous for the worm in surviving in the soil.
Another interesting result was that wild-type as well as mec-4 could overcome the physical asymmetry of the funnels in the presence of food (supporting information Fig. S3 ), while mec-10 hardly reached the food source (supporting information Fig. S3 ). Unlike the mec-4 gene, which is only expressed on body-touch neurons, the mec-10 gene is not only expressed in body-touch neurons, but also in FLP and PVD neurons 12 . Therefore, the mec-10 mutation might have induced more severe defects in rectification behavior than mec-4 mutation, and thus mec-10 could not overcome the physical barrier of the funnel, even in the presence of food. Many habituation studies have been performed using the tap stimuli of a plate 21 . However the assay may bring difficulties in finding the direct correlation between the stimuli and the underlying neuronal circuitry. We found that rectification can only be achieved when the worms are sufficiently entrained by the walls. We speculate that this behavior has evolved due to frequent encounters with obstacles in the worm's natural habitat. It will thus be interesting to validate whether the worms habituate to the mechanosensory stimuli induced by the funnel walls and whether they evade (i.e., do not exhibit rectification) under some conditions, and to test which neurons are related to the habituation.
It is concluded that ALM and AVM neurons on the body are the most critical mechanosensory neurons for this entrainment and rectification. However, we cannot rule out the possibility that the mechanosensory neurons on the posterior body (PVM and PLM) are also involved in this behavior, in part as the force induced by touching of the wall at the anterior end might be passed on through the body to the posterior end. The microfabricated platform can be used not only for the study of mechanosensory behaviors but also for the study of chemotaxis, habituation and ecological behaviors of nematodes.
Methods
C. elegans strains and growth. All the strains (Supplemental Table 1 ) except IL-2 (2) were obtained from the Caenorhabditis Genetics Center: The IL-2 (2) strain was obtained from Junho Lee 22 . Worms were grown and maintained as described in Brenner 23 . Only young adults (0.7-0.8 mm long) were selected for the experiments.
Funnel fabrication. Soft lithography 24 was used to a thin rectangular enclosure (14.68 mm by 24.4 mm) made of poly(dimethyl siloxane) (PDMS), which were divided into two halves (7.34 mm by 24.4 mm) by an array of 8 funnel-like structures. The sides of the funnels were 2.93 mm and formed at a 60u angle 9 . The gaps between adjacent funnels were 100 mm wide. The funnel-like structure and frame were 105 mm deep.
Rectification behavioral assay. Worms were collected in NGM buffer and washed 33 with NGM buffer 23 . Two drops (about 50 mL) containing 50-60 worms were placed approximately 7 cm apart in the center region of an NGM agar plate without E. coli OP50 and the microfabricated funnel-like barriers was then located between the drops by carefully covering the PDMS enclosure into the plate. Observation started to be made when the water on the drops was evaporated and the worms started to crawl. Sequential images (1 frame/sec.) were taken under a stereoscope (SMZ1500; Nikon) with a peltier-cooled CCD camera (Spot Insight 4; Diagnostic instruments Inc., Sterling Heights, MI), and analysis was performed with MATLAB software (The Mathworks Inc., Natick, MA) or by counting C. elegans.
Computational modeling. The location of the i-th worm at time t is represented by the coordinates of its centroid R i (t). We assume that the worm, represented by its centroid, is acted on by three distinct forces: the drag force 2gdR i /dt as the worm crawls on the agar plate (g being the drag coefficient), the motility force F i M (t) arising from the worm's undulatory propulsion, and the repulsive force F i R that represents the interaction between the worm and the funnel walls and is non-zero only when the worm is in close contact with the walls. Therefore, the equation of motion for the worm's centroid is
which we can integrate numerically to obtain the trajectory R i as a function of time.
Inertial effects are neglected due to the low Reynolds numbers associated with worm crawling. A worm can be crawling in free space or ''on the wall'' when it is within a distance of 0.02 mm to the wall. The magnitude of F i M (t)/g (which has unit of speed) is chosen such that for each worm, its speed in free space and on the wall follow the experimentally measured values (Supplemental Table 2 ). The vectorial direction of F i M changes by a small amount after each time step to model the fact the worms crawl with a persistent length (Supplemental Table 2 ). Upon hitting a wall, F i M (t) changes its orientation. For wild-type worms, the outgoing angle mostly aligns with the barrier wall, with outgoing angles chosen uniformly from 0u to 30u. For the mec mutants, the outgoing angle is bigger than 90u, which means that the worm retracts from the barrier with the outgoing angle chosen uniformly from 90u to 180u. The repulsive force F i W is non-zero only when the worm is on the wall, and decays when the worm moves away from the wall, namely
